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ABSTRACT
Context. The Kepler space telescope has proven capable of detecting transits of objects almost as small as the Earth’s Moon. Some
studies suggest that moons as small as 0.2 Earth masses can be detected in the Kepler data by transit timing variations and transit
duration variations of their host planets. If such massive moons exist around giant planets in the stellar habitable zone (HZ), then they
could serve as habitats for extraterrestrial life.
Aims. While earlier studies on exomoon habitability assumed the host planet to be in thermal equilibrium with the absorbed stellar
flux, we here extend this concept by including the planetary luminosity from evolutionary shrinking. Our aim is to assess the danger
of exomoons to be in a runaway greenhouse state due to extensive heating from the planet.
Methods. We apply pre-computed evolution tracks for giant planets to calculate the incident planetary radiation on the moon as a
function of time. Added to the stellar flux, the total illumination yields constraints on a moon’s habitability. Ultimately, we include
tidal heating to evaluate a moon’s energy budget. We use a semi-analytical formula to parametrize the critical flux for the moon to
experience a runaway greenhouse effect.
Results. Planetary illumination from a 13-Jupiter-mass planet onto an Earth-sized moon at a distance of ten Jupiter radii can drive
a runaway greenhouse state on the moon for about 200 Myr. When stellar illumination equivalent to that received by Earth from the
Sun is added, then the runaway greenhouse holds for about 500 Myr. After 1000 Myr, the planet’s habitable edge has moved inward to
about 6 Jupiter radii. Exomoons in orbits with eccentricities of 0.1 experience strong tidal heating; they must orbit a 13-Jupiter-mass
host beyond 29 or 18 Jupiter radii after 100 Myr (at the inner and outer boundaries of the stellar HZ, respectively), and beyond 13
Jupiter radii (in both cases) after 1000 Myr to be habitable.
Conclusions. If a roughly Earth-sized, Earth-mass moon would be detected in orbit around a giant planet, and if the planet-moon duet
would orbit in the stellar HZ, then it will be crucial to recover the orbital history of the moon. If, for example, such a moon around a
13-Jupiter-mass planet has been closer than 20 Jupiter radii to its host during the first few hundred million years at least, then it might
have lost substantial amounts of its initial water reservoir and be uninhabitable today.
Key words. Astrobiology – Celestial mechanics – Planets and satellites: general – Radiation mechanisms: general
1. Introduction
The advent of exoplanet science in the last two decades has led
to the compelling idea that it could be possible to detect a moon
orbiting a planet outside the solar system. By observational se-
lection effects, such a finding would reveal a massive moon, be-
cause its signature in the data would be most apparent. While
the most massive moon in the solar system – Jupiter’s satellite
Ganymede – has a mass roughly 1/40 the mass of Earth (M⊕), a
detectable exomoon would have at least twice the mass of Mars,
that is, 1/5 M⊕ (Kipping et al. 2009). Should these relatively
massive moons exist, then they could be habitats for extrasolar
life.
One possible detection method relies on measurements of
the transit timing variations (TTV) of the host planet as it pe-
riodically crosses the stellar disk (Sartoretti & Schneider 1999;
Simon et al. 2007; Kipping 2009a; Lewis 2013). To ultimately
pin down a satellite’s mass and its orbital semi-major axis around
its host planet (aps), it would also be necessary to measure the
transit duration variation (TDV, Kipping 2009a,b). As shown by
Awiphan & Kerins (2013), Kepler’s ability to find an exomoon
is crucially determined by its ability to discern the TDV signal,
as it is typically weaker than the TTV signature. Using TTV and
TDV observations together, it should be possible to detect moons
as small as 0.2 M⊕ (Kipping et al. 2009).
Alternatively, it could even be possible to observe the di-
rect transits of large moons (Szabo´ et al. 2006; Tusnski & Valio
2011; Kipping 2011), as the discovery of the sub-Mercury-sized
planet Kepler-37b by Barclay et al. (2013) recently demon-
strated. Now that targeted searches for extrasolar moons are un-
derway (Kipping et al. 2012; Kipping et al. 2013; Kipping et al.
2013) and the detection of a roughly Earth-mass moon in the
stellar habitable zone (Dole 1964; Kasting et al. 1993, HZ in the
following) has become possible, we naturally wonder about the
conditions that determine their habitability. Indeed, the search
for spectroscopic biosignatures in the atmospheres of exomoons
will hardly be possible in the near future, because the moon’s
transmission spectrum would need to be separated from that of
the planet (Kaltenegger 2010). But the possible detection of ra-
dio emission from intelligent species on exomoons still allows
the hypothesis of life on exomoons to be tested.
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The idea of habitable moons has been put forward by
Reynolds et al. (1987) and Williams et al. (1997). Both stud-
ies concluded that tidal heating can be a key energy source if a
moon orbits its planet in a close, eccentric orbit (for tidal heating
in exomoons see also Scharf 2006; Debes & Sigurdsson 2007;
Cassidy et al. 2009; Henning et al. 2009; Heller 2012; Heller
& Barnes 2013). Reflected stellar light from the planet and the
planet’s own thermal emission can play an additional role in
a moon’s energy flux budget (Heller & Barnes 2013; Hinkel
& Kane 2013). Having said that, eclipses occur frequently in
close satellite orbits which are coplanar to the circumstellar
orbit. These occultations can significantly reduce the average
stellar flux on a moon (Heller 2012), thereby affecting its cli-
mate (Forgan & Kipping 2013). Beyond that, the magnetic en-
vironment of exomoons will affect their habitability (Heller &
Zuluaga 2013).
Here, we investigate another effect on a moon’s global en-
ergy flux. So far, no study focused on the impact of radial
shrinking of a gaseous giant planet and the accompanying ther-
mal illumination of its potentially habitable moons.1 As a gi-
ant planet converts gravitational energy into heat (Baraffe et al.
2003; Leconte & Chabrier 2013), it may irradiate a putative
Earth-like moon to an extent that makes the satellite subject
to a runaway greenhouse effect. Atmospheric mass loss mod-
els suggest that desiccation of an Earth-sized planet (or, in our
case, of a moon) in a runaway greenhouse state occurs as fast
as within 100 million years (Myr). Depending on the planet’s
surface gravitation, initial water content, and stellar XUV irradi-
ation in the high atmosphere (Barnes et al. 2013, see Sect. 2 and
Appendix B therein), this duration can vary substantially. But as
water loss is a complex process – not to forget the possible stor-
age of substantial amounts of water in the silicate mantle, the
history of volcanic outgassing, and possible redelivery of water
by late impacts (Lammer 2013) – we here consider moons in a
runaway greenhouse state to be temporarily uninhabitable, rather
than desiccated forever.
2. Methods
In the following, we consider a range of hypothetical planet-
moon binaries orbiting a Sun-like star during different epochs
of the system’s life time. As models for in-situ formation of
exomoons predict that more massive host planets will develop
more massive satellites (Canup & Ward 2006; Sasaki et al. 2010;
Ogihara & Ida 2012), we focus on the most massive host plan-
ets that can possibly exist, that is, Jovian planets of roughly 13
Jupiter masses.2 Following Canup & Ward (2006) and Heller et
al. (2013), such a massive planet can grow Mars- to Earth-sized
moons in its circumplanetary disk.
In Fig. 1, we show the detections of stellar companions with
masses between that of Uranus and 13 MJ, where MJ denotes
Jupiter’s mass.3 While the ordinate measures planetary mass
(Mp), the abscissa depicts orbit-averaged stellar illumination re-
ceived by the planet, which we compute via
1 We include a term Wp for an additional source of illumination from
the planet onto the moon in our orbit-averaged Eq. (B1) in Heller &
Barnes (2013). This term can be attributed to heating form the planet.
In Heller & Zuluaga (2013), we use methods developed here, but illu-
mination from Neptune-, Saturn-, and Jupiter-like planets is weak.
2 Given only the mass, such an object might well be a brown dwarf
and not a planet. We here assume that this hypothetical object is a giant
planet and that it can be described by the Baraffe et al. (2003) evolution
models (see below).
3 Data from www.exoplanet.eu as of Sep. 25, 2013.
Fig. 1. Planetary masses as a function of orbit-averaged stellar
illumination for objects with masses between that of Uranus and
13 times that of Jupiter. Non-transiting objects are shown as open
circles; red circles correspond to transiting objects, which could
allow for the detection of exomoons via TTV or TDV tech-
niques. HD 217786 b is labeled because it could host Mars- to
Earth-sized moons in the stellar HZ. HAT-P-44c is the most mas-
sive transiting planet in the recent Venus/early Mars HZ, whose
width independent of the host star is denoted by the solid verti-
cal lines. The dashed vertical lines denote the inner and outer HZ
borders of the solar system (Kopparapu et al. 2013). Obviously,
some ten super-Jovian planets reside in or close to the stellar
HZs of their stars, but most of which are not known to transit
their stars.
F⋆ =
σSBT 4⋆√
1 − e2⋆p
(
R⋆
a⋆p
)2
. (1)
Here, σSB is the Stefan-Boltzmann constant, T⋆ the stellar effec-
tive temperature, R⋆ the stellar radius, e⋆p the orbital eccentricity
of the star-planet system, and a⋆p the planet’s orbital semi-major
axis.
Dashed vertical lines illustrate the inner and outer bound-
aries of the solar HZ, which Kopparapu et al. (2013) locate
at 1.0512 × S eff,⊙ for the runaway greenhouse effect and at
0.3438 × S eff,⊙ for the maximum possible greenhouse effect
(S eff,⊙ = 1360 W m−2 being the solar constant). For stars other
than the Sun or planetary atmospheres other than that of Earth,
the HZ limits can be located at different flux levels. Planets
shown in this plot orbit a range of stars, most of which are on the
main-sequence. The two solid vertical lines denote a flux interval
which is between the recent Venus and early Mars HZ bound-
aries independent of stellar type, namely between 1.487×S eff,⊙
(recent Venus) and 0.393×S eff,⊙ (early Mars) (Kopparapu et al.
2013). The purpose of Fig. 1 is to confirm that super-Jovian
planets (and possibly their massive moons) exist in or near the
HZ of main-sequence stars in general, rather than to explic-
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itly identify giant planets in the HZ of their respective host
stars. Yet, the position of HD 217786 b is indicated in Fig. 1,
because it roughly corresponds to our hypothetical test planet
in terms of orbit-averaged stellar illumination at the outer HZ
boundary (483 W m−2 = 0.355 × S eff,⊙) and planetary mass
(Mp = 13 ± 0.8 MJ, Moutou et al. 2011). We also highlight
HAT-P-44c because it is the most massive transiting planet in
the recent Venus/early Mars HZ (Hartman et al. 2013) and could
thus allow for TTV and TDV detections of its massive moons if
they exist.
2.1. Exomoon illumination from a star and a cooling planet
The electromagnetic spectrum of a main-sequence star is very
different from that of a giant planet. M, K, and G dwarf stars
have effective temperatures between ≈ 3000 K and ≈ 6000 K,
whereas planets typically are cooler than 1000 K. Earth-like
planets near the inner edge of the HZ around Sun-like stars are
thought to have bolometric albedos as low as 0.18, increasing
up to about 0.45 towards the outer HZ edge (Kopparapu et al.
2013). The inner edge value would likely be significantly higher
if clouds were included in the calculation (Yang et al. 2013). As
a proxy, we here assume an optical albedo As,opt = 0.3, while an
Earth-like planet orbiting a cool star with an effective tempera-
ture of 2500 K has an infrared albedo As,IR = 0.05 (Kasting et al.
1993; Selsis et al. 2007; Kopparapu et al. 2013)4. We therefore
use a dualpass band to calculate the total illumination absorbed
by the satellite
Fi =
L∗(t)(1 − As,opt)
16πa2∗p
+
Lp(t)(1 − As,IR)
16πa2ps
, (2)
where the first term on the right side of the equation describes the
stellar flux absorbed by the moon, and the second term denotes
the absorbed illumination from the planet. L∗(t) and Lp(t) are
the stellar and planetary bolometric luminosities, respectively,
while a∗p is the orbital semi-major axes of the planet around
the star.5 The factor 16 in the denominators indicates that we
assume effective redistribution of both stellar and planetary ir-
radiation over the moon’s surface (see Sect. 2.1 in Selsis et al.
2007). Stellar reflected light from the planet is neglected (for a
description see Heller & Barnes 2013).
To parametrize the luminosities of the star and the cooling
planet, we use the cooling tracks from Baraffe et al. (1998) and
Baraffe et al. (2003), respectively. Figure 2 shows the evolution
of the luminosity for a Sun-like star and the luminosity of three
giant planets with 13, 5, and 1 MJ. Note the logarithmic scale:
at an age of 0.2 billion years (Gyr), a Jupiter-mass planet emits
about 0.3 % the amount of radiation of a 13 MJ planet. These
giant planets models assume arbitrarily large initial temperatures
and radii. Yet, to actually assess the luminosity evolution of a
giant exoplanet during the first ≈ 500 Myr, its age, mass, and
luminosity would need to be known (Mordasini 2013). Our study
4 Strong infrared absorption of gaseous H2O and CO2 in the atmo-
spheres of terrestrial worlds and the absence of Rayleigh scattering
could further decrease As,IR. These effects, however, would tend to warm
the stratosphere rather than the surface. Stratospheric warming could
then be re-radiated to space without contributing much to warming the
surface.
5 Equation (2) implies that the planet is much more massive than the
moon, so that the planet-moon barycenter coincides with the planetary
center of mass. It is also assumed that aps≪a∗p and that both orbits are
circular.
Fig. 2. Luminosity evolution of a Sun-like star (according to
Baraffe et al. 1998) and of three giant planets with 13, 5, and
1 MJ (following Baraffe et al. 2003).
is by necessity illustrative. Once actual exomoons are discovered
more realistic giant planet models may be more appropriate.
2.2. Tidal heating in exomoons
Tidal heating has been identified as a possible key source for a
moon’s energy flux budget (see Sect. 1). Hence, we will also ex-
plore the combined effects of stellar and planetary illumination
on extrasolar satellites plus the contribution of tidal heating.
While tidal theories were initially developed to describe the
tidal flexing of rigid bodies in the solar system (such as the
Moon and Jupiter’s satellite Io, see Darwin 1879, 1880; Peale
et al. 1979; Segatz et al. 1988), the detection of bloated gi-
ant planets in close circumstellar orbits has triggered new ef-
forts on realistic tidal models for gaseous objects. Nowadays,
various approaches exist to parametrize tidal heating, and two
main realms for bodies with an equilibrium tide (Zahn 1977)
have emerged: constant-phase-lag (CPL) models (typically ap-
plied to rigid bodies, see Ferraz-Mello et al. 2008; Greenberg
2009), and the constant-time-lag (CTL) models (typically ap-
plied to gaseous bodies, see Hut 1981; Leconte et al. 2010).
We here make use of the CPL model of Ferraz-Mello et al.
(2008) to estimate the tidal surface heating Ft on our hypotheti-
cal exomoons. This model includes tidal heating from both cir-
cularization (up to second order in eccentricity) and tilt ero-
sion (that is, tidally-induced changes in obliquity ψs, Heller
et al. 2011). For simplicity, we assume that Ft distributes evenly
over the satellite’s surface, although observations of Io, Titan,
and Enceladus suggest that tidal heat can be episodic and heat
would leave a planetary body through hot spots (Ojakangas &
Stevenson 1986; Spencer et al. 2000; Sotin et al. 2005; Spencer
et al. 2006; Porco et al. 2006; Tobie et al. 2008; Beˇhounkova´
et al. 2012), that is, volcanoes or cryovolcanoes. The obliquity
of a satellite in an orbit similar to Jupiter’s Galilean moons and
Saturn’s moon Titan, with orbital periods . 16 d, is eroded in
much less than 1 Gyr. As in Heller & Barnes (2013), we thus as-
sume ψs = 0. We treat the moon’s orbit to have an instantaneous
eccentricity eps. Tidal heating from circularization implies that
eps approaches zero, but it can be forced by stellar, planetary, or
even satellite perturbations to remain non-zero. Alternatively, it
can be the remainder of an extremely large initial eccentricity,
or be caused by a recent impact. Note also that Titan’s orbital
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eccentricity of roughly 0.0288 is still not understood by any of
these processes (Sohl et al. 1995).
2.3. The runaway greenhouse effect
To assess whether our hypothetical satellites would be habitable,
we compare the sum of total illumination Fi (Eq. 2) and the
globally averaged tidal heat Ft to the critical flux for a runaway
greenhouse, Fcrit. The latter value is given by the semi-analytical
approach of Pierrehumbert (2010, Eq. 4.94 therein) (see also
Eq. 1 in Heller & Barnes 2013), which predicts the initiation
of the runaway greenhouse effect based on the maximum possi-
ble outgoing longwave radiation from a planetary body with an
atmosphere saturated in water vapor.
We study two hypothetical satellites. In the first case of a
rocky Earth-mass, Earth-sized moon, we obtain a critical flux of
Fcrit = 295 W/m2 for the onset of the runaway greenhouse effect.
In the second case, we consider an icy moon of 0.25 M⊕6 and
an ice-to-mass fraction of 25 %. Using the structure models of
Fortney et al. (2007), we deduce the satellite radius (0.805 times
the radius of Earth) and surface gravity (3.75 m/s2) and finally
obtain Fcrit = 266 W/m2 for this Super-Ganymede. If one of our
test moons undergoes a total flux that is beyond its critical limit,
then it can be considered temporarily uninhabitable.
2.4. An exomoon menagerie
With decreasing distance from the planet, irradiation from the
planet and tidal forces on the moon will increase. While an
Earth-sized satellite in a wide circumplanetary orbit may essen-
tially behave like a freely rotating planet with only the star as a
relevant light source, moons in close orbits will receive substan-
tial irradiation from the planet – at the same time be subject to
eclipses – and eventually undergo enormous tidal heating.
To illustrate combined effects of illumination from the planet
and tidal heat as a function of distance to the planet, we introduce
an exomoon menagerie (Barnes & Heller 2013). It consists of the
following specimen (colors in brackets refer to Figs. 4 and 5):
• Tidal Venus (red):
Ft ≥ Fcrit (Barnes et al. 2013)
• Tidal-Illumination Venus (orange):
Fi < Fcrit ∧ Ft < Fcrit ∧ Fi + Ft ≥ Fcrit
• Super-Io (hypothesized by Jackson et al. 2008, yellow):
Ft > 2 W/m2 ∧ Fi + Ft < Fcrit
• Tidal Earth (blue):
0.04 W/m2 < Ft < 2 W/m2 ∧ Fi + Ft < Fcrit
• Earth-like (green):
Ft < 0.04 W/m2 and within the stellar HZ
Among these states, a Tidal Venus and a Tidal-Insolation
Venus are uninhabitable, while a Super-Io, a Tidal Earth, and
an Earth-like moon could be habitable. The 2 and 0.04 W/m2
limits are taken from examples in the solar system, where Io’s
extensive volcanism coincides with an endogenic surface flux of
6 This mass corresponds to about ten times the mass of Ganymede
and constitutes roughly the detection limit of Kepler (Kipping et al.
2009).
roughly 2 W/m2 (Spencer et al. 2000). Williams et al. (1997) es-
timated that tectonic activity on Mars came to an end when its
outgoing energy flux through the surface fell below 0.04 W/m2.
For our menageries, we consider the rocky Earth-type moon
orbiting a giant planet with a mass 13 times that of Jupiter.
We investigate planet-moon binaries at two different distances
to a Sun-like star. In one configuration, we will assume that the
planet-moon duet orbits a Sun-like host at 1 AU. In this scenario,
the planet-moon system is close to the inner edge of the stellar
HZ (Kopparapu et al. 2013). In a second setup, the binary is as-
sumed to orbit the star at a distance equivalent to 0.331 S eff,⊙,
which is the average of the maximum greenhouse and the early
Mars limits computed by Kopparapu et al. (2013). In this sec-
ond configuration, hence, the binary is assumed at a distance of
1.738 AU from a Sun-like host star, that is, at the outer edge of
the stellar HZ.
To explore the effect of tidal heating, we consider four
different orbital eccentricities of the planet-moon orbit: eps ∈
{10−4, 10−3, 10−2, 10−1}. For the Tidal Venus and the Tidal-
Illumination Venus satellites, we assume a tidal quality factor
Qs = 100, while we use Qs = 10 for the others. Our choice
of larger Qs, corresponding to lower dissipation rates, for the
Tidal Venus and the Tidal-Illumination Venus moons is moti-
vated by the effect we are interested in, namely volcanism, which
we assume independent of tidal dissipation in a possible ocean.
Estimates for the tidal dissipation in dry solar system objects
yields Qs ≈ 100 (Goldreich & Soter 1966). On the other moons,
tidal heating is relatively weak, and we are mostly concerned
with the runaway greenhouse effect, which depends on the sur-
face energy flux. Hence, dissipation in the ocean is crucial, and
because Earth’s dissipation constant is near 10, we choose the
same value for moons with moderate and weak tidal heating.
Ultimately, we consider all these constellations at three different
epochs, namely, at ages of 100, 500, and 1000 Myr.
In total, two stellar distances of the planet-moon duet,
four orbital eccentricities of the planet-moon system, and three
epochs yield 24 combinations, that is, our circumplanetary exo-
moon menageries.
3. Results
3.1. Evolution of stellar and planetary illumination
In Fig. 3, we show how absorbed stellar flux (dashed black line),
illumination from the planet (dashed red line), and total illumi-
nation (solid black line) evolve for a moon at aps = 10 RJ from a
13 MJ planet.7 At that distance, irradiation from the planet alone
can drive a runaway greenhouse for about 200 Myr on both the
Earth-type moon and the Super-Ganymede. What is more, when
we include stellar irradiation from a Sun-like star at a distance
of 1 AU, then the total illumination at 10 RJ from the planet is
above the runaway greenhouse limit of an Earth-like satellite for
about 500 Myr. Our hypothetical Super-Ganymede would be in
a runaway greenhouse state for roughly 600 Myr.
At a distance of 15 RJ, flux from the planet would be
(10/15)2 = 0.¯4 times the red dashed line shown in Fig. 3.
After 200 Myr, illumination from the planet would still be 0.¯4 ×
310 W/m2, and with the additional 190 W/m2 absorbed from the
7 For comparison, Io, Europa, Ganymede, and Callisto orbit Jupiter
at approximately 6.1, 9.7, 15.5, and 27.2 Jupiter radii. In-situ formation
of moons occurs mostly between roughly 5 and 30 Rp, from planets the
mass of Saturn up to planets with the 10-fold mass of Jupiter (Sasaki
et al. 2010; Heller et al. 2013).
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Fig. 3. The total illumination Fi absorbed by a moon (thick black
line) is composed of the absorbed flux from the star (black
dashed line) and from its host planet (red dashed line). The crit-
ical values for an Earth-type and a Super-Ganymede moon to
enter the runaway greenhouse effect (Fcrit) are indicated by dot-
ted lines at 295 and 266 W/m2, respectively. Both moons orbit a
13 MJ planet at a distance of 10 RJ, at 1 AU from a Sun-like host
star. Illumination from the planet alone can trigger a runaway
greenhouse effect for the first ≈ 200 Myr.
star, the total irradiation would still sum up to about 328 W/m2
at an age of 200 Myr. Consequently, even at a distance similar to
that of Ganymede from Jupiter, an Earth-sized moon could un-
dergo a runaway greenhouse effect around a 13 MJ planet over
several hundred million years. At a distance of 20 RJ, total il-
lumination would be 268 W/m2 after 200 Myr, and our Super-
Ganymede test moon would still be uninhabitable. Clearly, ther-
mal irradiation from a super-Jupiter host planet can have a major
effect on the habitability of its moons.
3.2. Evolution of illumination and tidal heating
In Fig. 4, we show four examples for our circumplanetary ex-
omoon menageries. Abscissae and ordinates denote the dis-
tance to the planet, which is chosen to be located at the center
at (0,0) [note the logarithmic scale!]. Colors illustrate a Tidal
Venus (red), Tidal-Illumination Venus (orange), Super-Io (yel-
low), Tidal Earth (blue), and an Earth-like (green) state of an
Earth-sized exomoon (for details see Sect. 2.4). Light green de-
picts the Hill radius for retrograde moons, dark green for a pro-
grade moons. In all panels, the planet-moon binary has an age of
500 Myr. The two panels in the left column show planet-moon
systems at the inner edge of the stellar HZ; the two panels to the
right show the same systems at the outer edge of the HZ. In the
top panels, eps = 10−1 and tidal heating is strong; in the bottom
panels eps = 10−4 and tidal heating is weak.
The outermost stable satellite orbit is only a fraction of the
planet’s Hill radius and depends, amongst others, on the distance
of the planet to the star (Domingos et al. 2006): the closer the
star, the smaller the planet’s Hill radius. This is why the green
circles are smaller at the inner edge of the HZ (left panels). In
this particular constellation, the boundary between the dark and
the light green circles, that is, the Hill radii for moons in pro-
grade orbits, is at 70 RJ, while the outermost stable orbit for ret-
rograde moons is at 132 RJ. At the outer edge of the HZ (right
panels), these boundaries are 121 at and 231 RJ, respectively.
A comparison between the top and bottom panels shows
that tidal heating, triggered by the substantial eccentricity in
the upper plots, can have a dramatic effect on the circumplan-
etary, astrophysical conditions. The Tidal Earth state (blue) in a
highly eccentric orbit (upper panels) can be maintained between
roughly 21 and 36 RJ both at the inner and the outer edge of the
stellar HZ.8 But this state does not exist in the extremely low ec-
centricity configuration at the inner HZ edge (lower left panel).
In the latter constellation, the region of moderate tidal heating
is inside the circumplanetary sphere in which stellar illumina-
tion plus illumination from the planet are strong enough to trig-
ger a runaway greenhouse effect on the moon (red and orange
circles for a Tidal Venus and Tidal-Illumination Venus state, re-
spectively). In the lower right panel, a very thin rim of a Tidal
Earth state exists at roughly 8 RJ.
Each of these four exomoon menageries has its own circum-
planetary death zone, that is, a range of orbits in which an Earth-
like moon would be in a Tidal Venus or Tidal-Illumination Venus
state. In Heller & Barnes (2013), we termed the outermost orbit,
which would just result in an uninhabitable satellite, the “habit-
able edge”. Inspection of Fig. 4 yields that the habitable edges
for eps = 10−1 (top) and eps = 10−4 (bottom) are located at
around 20 and 12 RJ with the planet-moon binary at the inner
edge of the stellar HZ (left column), and at 15 and 8 RJ with
the planet-moon pair orbiting at the outer edge of the HZ (right
column, top and bottom panels), respectively.
Note that for moons with surface gravities lower than that of
Earth, the critical energy flux for a runaway greenhouse effect
would be smaller. Although tidal surface heating in the satellite
would also be smaller, as it is proportional to the satellite’s ra-
dius cubed, the habitable edge would be even farther away from
the planet (see Fig. 10 in Heller & Barnes 2013). For Mars- to
Earth-sized moons, and in particular for our Super-Ganymede
hypothetical satellite, the habitable edges would be even farther
away from the planet than depicted in Fig. 4.
Figure 5, finally, shows our whole model grid of 24 exo-
moon menageries. The four examples from Fig. 4 can be found
at the very top and the very bottom of the diagram in the cen-
ter – though now on a linear rather than on a logarithmic scale.
The left, center, and right graphics show a range of exomoon
menageries at ages of 100, 500, and 1000 Myr, respectively. In
all three epochs, highly eccentric exomoon orbits are shown
at the top (eps = 10−1), almost circular orbits at the bottom
(eps = 10−4). The four circumplanetary circles at the left illus-
trate menageries with the planet-moon system assumed at the
inner edge of the HZ, while the four menageries at the right vi-
sualize the planet-moon duet at the outer edge of the HZ.
In the highly eccentric cases at the top, tidal heating domi-
nates the circumplanetary orbital conditions for exomoon hab-
8 Tidal heating in the moon does not depend on the stellar distance.
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Fig. 4. Circumplanetary exomoon menageries for Earth-sized satellites around a 13 Jupiter-mass host planet at an age of 500 Myr. In
each panel, the planet’s position is at (0,0), and distances are shown on a logarithmic scale. In the left panels, the planet-moon binary
orbits at a distance of 1 AU from a Sun-like star; in the right panels, the binary is at the outer edge of the stellar HZ at 1.738 AU.
In the upper two panels, eps = 10−1; in the lower two panels, eps = 10−4. Starting from the planet in the center, the white circle
visualizes the Roche radius, and the exomoon types correspond to Tidal Venus (red), Tidal-Illumination Venus (orange), Super-Io
(yellow), Tidal Earth (blue), and Earth-like (green) states (see Sect. 2.4 for details). Dark green depicts the Hill sphere of prograde
Earth-like moons, light green for retrograde Earth-like moons. Note the larger Hill radii at the outer edge of the HZ (right panels)!
itability. In the system’s youth at 100 Myr, the circumplanetary
habitable edge is as far as 29 RJ (upper left panel, at the inner
edge of the HZ) or 18 RJ (right panel in the leftmost diagram,
outer edge of the HZ) around the planet. The region for Tidal
Earth moons spans from roughly 29 to 36 RJ at the inner edge of
the HZ and from 21 to 36 RJ at the outer edge of the stellar HZ.
At an age of 1000 Myr (diagram at the right), when illumination
from the planet has decreased by more than one order of magni-
tude (see red line in Fig. 2), the habitable edge has moved inward
to roughly 19 RJ at the inner edge and 16 RJ at the outer edge of
the HZ, while the Tidal Earth state is between 21 to 36 RJ in both
the inner and outer HZ edge cases.
In the low-eccentricity scenarios at the bottom, tidal heat-
ing has a negligible effect, and thermal flux from the planet
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dominates the evolution of the circumplanetary conditions. At
100 Myr, the Tidal-Illumination Venus state, which is just in-
side the planetary habitable edge, ranges out to 28 RJ at the
inner edge of the HZ (lower left) and to 14 RJ at the outer
edge of the HZ (lower right menagerie in the left-most dia-
gram). At an age of 1000 Myr, those values have decreased to
5 and 2.5 RJ for the planet-moon duet at the inner and outer HZ
boundaries, respectively (bottom panels in the rightmost sketch).
Moreover, at 1000 Myr illumination from the planet has become
weak enough that moons with substantial tidal heating in these
low-eccentricity scenarios could exist between 5 and 6 RJ (Tidal
Earth) at the inner HZ edge or between 2.5 and 6 RJ (Super-Io
and Tidal Earth) at the outer HZ boundary.
4. Conclusions
Young and hot giant planets can illuminate their potentially hab-
itable, Earth-sized moons strong enough to make them uninhab-
itable for several hundred million years. Based on the planetary
evolution models of Baraffe et al. (2003), thermal irradiation
from a 13 MJ planet on an Earth-sized moon at a distance of
10 RJ can trigger a runaway greenhouse effect for about 200 Myr.
The total flux of Sun-like irradiation at 1 AU plus thermal flux
from a 13 MJ planet will force Earth-sized moons at 10 or 15 RJ
into a runaway greenhouse for 500 or more than 200 Myr, re-
spectively. A Super-Ganymede moon 0.25 times the mass of
Earth and with an ice-to-mass fraction of 25 % would undergo
a runaway greenhouse effect for longer periods at the same or-
bital distances or, equivalently, for the same periods at larger
separations from the planet. Even at a distance of 20 RJ from a
13 MJ host giant, it would be subject to a runaway greenhouse
effect for about 200 Myr, if it receives an early-Earth-like illumi-
nation from a young Sun-like star. In all these cases, the moons
could lose substantial amounts of hydrogen and, consequently,
of water. Such exomoons would be temporarily uninhabitable
and, perhaps, uninhabitable forever.
If tidal heating is included, the danger for an exomoon to un-
dergo a runaway greenhouse effect increases. The habitable edge
around young giant planets, at an age of roughly 100 Myr and
with a mass 13 times that of Jupiter, can extend out to about 30 RJ
for moons in highly eccentric orbits (eps ≈ 0.1). That distance
encompasses the orbits of Io, Europa, Ganymede, and Callisto
around Jupiter. Beyond the effects we considered here, that is,
stellar irradiation, thermal irradiation from the planet, and tidal
heating, other heat sources in moons may exist. Consideration
of primordial thermal energy (or “sensible heat”), radioactive de-
cay, and latent heat from solidification inside an exomoon would
increase the radii of the circumplanetary menageries and push
the habitable edge even further away from the planet.
Our estimates for the instantaneous habitability of exomoons
should be regarded as conservative because (i.) the minimum
separation for an Earth-like moon from its giant host planet to
be habitable could be even larger than we predict. This is be-
cause a giant planet’s luminosity at 1 AU from a Sun-like star
can decrease more slowly than in the Baraffe et al. (2003) mod-
els used in our study (Fortney et al. 2007). (ii.) The runaway
greenhouse limit, which we used here to assess instantaneous
habitability, is a conservative approach itself. A moon with a to-
tal energy flux well below the runaway greenhouse limit may be
uninhabitable as its surface is simply too hot. It could be caught
in a moist greenhouse state with surface temperatures up to the
critical point of water, that is, 647 K if an Earth-like inventory
of water and surface H2O pressure are assumed (Kasting 1988).
(iii.) Moons with surface gravities smaller than that of Earth will
have a critical energy flux for the runaway greenhouse effect that
is also smaller than Earth’s critical flux. Hence, their correspond-
ing Tidal Venus and Tidal-Illumination Venus states would reach
out to wider orbits than those depicted in Figs. 4 and 5. (iv.) Tidal
heating could be stronger than the values we derived with the
Ferraz-Mello et al. (2008) CPL tidal model. As shown in Heller
et al. (2011), the CTL theory of Leconte et al. (2010) includes
terms of higher orders in eccentricity and yields stronger tidal
heating than the CPL of Ferraz-Mello et al. (2008). Yet, such
mathematical extensions may not be physically valid (Greenberg
2009), and parametrization of a planet’s or satellite’s tidal re-
sponse with a constant tidal quality factor Q or a fixed tidal time
lag τ remains uncertain (Leconte et al. 2010; Heller et al. 2011;
Efroimsky & Makarov 2013).
Massive moons can bypass an early runaway greenhouse
state if they form after the planet has cooled sufficiently. Possible
scenarios for such a delayed formation include gravitational cap-
ture of one component of a binary planet system, the capture
of Trojans, gas drag or pull-down mechanisms, moon mergers,
and impacts on terrestrial planets (for a review, see Sect. 2.1 in
Heller & Barnes 2013). Alternatively, a desiccated moon in the
stellar HZ could be re-supplied by cometary bombardment later.
Reconstruction of any such event would naturally be difficult.
Once extrasolar moons will be discovered, assessments of
their habitability will depend not only on their current orbital
configuration and irradiation, but also on the history of stellar
and planetary luminosities. Even if a Mars- to Earth-sized moon
would be found about a Jupiter- or super-Jupiter-like planet at,
say, 1 AU from a Sun-like star, the moon could have lost sub-
stantial amounts of its initial water reservoir and be uninhabit-
able today. In the most extreme cases, strong thermal irradiation
from the young, hot giant host planet could have desiccated the
moon long ago by the runaway greenhouse effect.
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Fig. 5. Exomoon menageries at 100 (left), 500 (center), and 1000 Myr (right) for a hypothetical Earth-like satellite around a 13 MJ
planet. For each epoch, one suite of menageries is at the inner edge of the HZ (left) and another one at the outer edge of the HZ
around a Sun-like star. Four different orbital eccentricities eps of the satellite are indicated. Distances from the central planet in each
menagerie are on a linear scale, and absolute values can be estimated by comparison with the four examples shown on a logarithmic
scale in Fig. 4. The Hill sphere for prograde moons (boundary between dark and light green) is at 70 RJ at the inner HZ boundary
and at 121 RJ at the outer HZ edge.
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